The human cytomegalovirus (HCMV) UL36-38 immediate early (IE) locus encodes proteins that play important roles for antiapoptosis, viral DNA replication, and growth (12, 14, 15, 21, 23, 24, 38, 40) . All known UL37 proteins have antiapoptotic activities and dually traffic to the endoplasmic reticulum and mitochondria (2, 21, 23, 24) . The UL37 exon 1 (UL37x1) open reading frame (ORF) encodes the amino termini of at least three UL37 IE isoforms, including two integral membrane N-glycoproteins, gpUL37 and gpUL37 M (2, 11, 12, 21, 28) . The UL37x1 ORF is required for HCMV growth in humans as more than 90% of its residues are invariant in numerous primary strains (23) . Mutants made by Y. Dong, R. SharonFriling, and T. Shenk indicate that UL37x1 is essential for HCMV replication in fibroblasts (T. Shenk, personal communication). Although the UL37 exon 3 (UL37x3) ORF is nonessential for HCMV growth in cultured human diploid fibroblasts (HFFs) (7, 21) , its carboxyl-terminal transmembrane and cytosolic tail are predicted to be important for HCMV pathogenesis in vivo, as they have been shown to be for mouse CMV M37 (24, 29) .
The UL36-38 locus encodes at least five transcripts from three different transcriptional promoters (Fig. 1 ). An unspliced (UL37x1) and several spliced (UL37 and UL37 M ) RNAs, initiated at the UL37 IE promoter, are generated by alternative polyadenylation (PA) or splicing. As they are 5Ј coterminal, UL37 RNAs appear to be differentially regulated after the initiation of transcription during HCMV infection (21, 28, 47, 48) . The UL37x1 unspliced RNA is abundant at IE times and remains abundant until late times of infection, whereas the abundance of the UL37 spliced RNA is low.
UL37, UL37 M , and UL37x1 RNAs share exon 1 but differ downstream of the first 5Ј splice site (ss) (Fig. 1) . The unspliced UL37x1 RNA, which encodes both the UL37x1 and UL38 ORFs, is polyadenylated within intron 1 at nucleotide (nt) 50998, downstream of the UL38 gene and just upstream of UL37 exon 2 (UL37x2). The UL37x1 donor is spliced to the UL37x2 acceptor, thereby removing the UL38 early gene promoter, the UL38 ORF, and the UL37x1 PA signal, all located within UL37 intron 1. The UL37x2 donor is alternatively spliced to an upstream (UL37) or a downstream (UL37 M ) acceptor in UL37x3 (21, 28, 41, 47) . Alternative splicing from two new UL37 donors (di and dii) to the UL37x3A acceptor has recently been detected in HCMV-infected HFFs (41) . Finally, the UL37x3 donor is spliced to the exon 4 acceptor in UL37, UL37 M , and UL36 spliced IE RNAs.
The mechanisms regulating the differential production of the HCMV UL37 unspliced and alternatively spliced IE RNAs are not presently known. PA at the UL37x1 site is dominant throughout HCMV infection as the site is used for processing of UL37x1 IE and of UL38 early RNAs (28, 47) . The initiating step for RNA PA is the initial recognition of the PA signal by the cleavage and PA specificity factor (CPSF) after its release from the transcription preinitiation complex (17, 34, 50) . The complex is stabilized by binding of the cleavage stimulatory factor (CstF) trimer complex via CstF-64 to downstream U or G/U elements and of cleavage factor CFI (31, 43, 55 ) (see Fig.  7A ). An additional component of the initiation complex is RNA polymerase II, which delivers the cleavage factors CPSF and CstF to the elongating pre-mRNA (32) . Spacing of the CPSF, CstF, and CFI complexes on the pre-mRNA define its cleavage site (31) . Addition of CFII and poly(A) polymerase (PAP) to the PA complex allows cleavage to occur, at which point CFI, CFII, and the CstF complex are released. A short tail of 10 to 15 A residues is added to the cleaved site and is followed by binding of poly(A) binding protein II (PABII) and then by addition of the full-length poly(A) tail by PAP (43, 50, 55) . The signals used for UL37x1 and UL38 early RNA PA at nt 50998 are consensus and include the invariant sequence AAUAAA at nt 50115 to 50120, the cleavage site 17 nt downstream of the PA signal at nt 50998, and a downstream U-rich element 17 to 24 nt downstream of the cleavage or PA site within UL37x2 (11, 28) . Moreover, this 3Ј processing site is used throughout HCMV infection (28, 47, 48) .
Splicing of pre-mRNAs requires spliceosome assembly, a complex structure containing 145 cellular proteins and snRNAs, and the recognition of three major splicing signals: the 5Ј ss, the branch point (BP), and the 3Ј ss (4, 52, 53, 56) . Ser-Arg (SR) proteins, including SF2, are essential splicing factors and play roles in the regulation of alternative splicing (19) . The UL37x1 donor (5Ј-CCA//GUAAGC-3Ј) and UL37x2 acceptor (5Ј-UUUUCUUUCUAG//UGC-3Ј) signals for splicing are weak as they are nonconsensus in 3 and 2 nt (underlined), respectively (10, 28, 47) . In addition, the polypyrimidine tract (PPT) immediately upstream of UL37x2, predictably required for binding of U2AF 65 , subsequent recruitment of U2 snRNP to the BP, and binding of U2AF 35 to the 3Ј ss (53), contains the cleavage site at nt Ϫ9. This site is used for 3Ј processing of UL37x1 IE and UL38 early RNAs and contains a potential core binding site (UCUU) for the polypyrimidine tract binding protein (PTB), a potent splicing suppressor (see Fig. 7B ) (30, 37) . Finally, the proximal consensus BP upstream, predictably used for splicing of the UL37x2 acceptor, is part of the UL37x1 PA signal.
This physical proximity of cis elements required for UL37x1 PA at nt 50998 and UL37x1-UL37x2 splicing suggests that cellular core PA (CPSF and CFI) and splicing factors (U2AF 65 and U2 snRNP) may compete for binding of their cognate signals and determine the production of UL37x1 unspliced or UL37 spliced RNAs. We therefore undertook genetic analysis of UL37 pre-mRNA cis elements required for its PA and splicing to determine the effects of PA and splicing-complex competition on the balance of UL37 RNA processing. Moreover, as alteration of the levels and posttranslational modifications of PA and splicing factors can determine PA site usage and splicing efficiency (25, 27, 42, 45) , we asked whether HCMV infection alters the levels of CstF-64, hypophosphorylated SF2, and PTB in the infected cell.
MATERIALS AND METHODS
Cell transfection. HFFs were transfected using Lipofectamine or Lipofectamine 2000 (Invitrogen). Briefly, 7 ϫ 10 6 to 9 ϫ 10 6 HFFs, P-13 to P-20, were lipofected with 10 to 20 g of Target 1 wild-type (wt) or mutant vectors and 2 to FIG. 1. (A) HCMV UL36-38 transcripts. The RNA map indicates the direction of transcription from the HCMV genome, exons (solid boxes), introns (cross-hatched boxes), 3Ј untranslated region (thin lines), and poly(A) tails (arrowheads). The bent black and straight white arrows on the scale bar represent UL37 IE, UL38 E, and UL36 IE promoters and UL37x1-UL38 and UL37-UL36 PA signals, respectively. A splice variant, UL37 M , differing in a 3Ј ss (exon 3A [ϫ3A]) has been identified in transfected cells and HCMV-infected HFFs (21, 41) . (B) Target 1 consensus donor, consensus acceptor, and PA mutants. The sequences in Target 1, UL37, and UL37x1 RNAs are represented in a 5Ј-to-3Ј orientation. Target 1 spans part of UL37x1 (nt 52219 to 52271), intron 1 (nt 52218 to 52165 and nt 51132 to 50990) and UL37x2 (nt 50989 to nt 50949). The mutations in the consensus donor, consensus acceptor, PA Mut 1, and PA Mut 2 constructions as well as the physical location and polarity of the primers used for RT-PCR are shown. The two potential BPs in intron 1 (nt Ϫ30 and nt Ϫ115) are represented as lollipop structures.
5 g of a mammalian expression vector for ␤-galactosidase (␤-gal) (pCH110) as an internal transfection control as previously described (41) . The lipofected cells were incubated at 37°C for 32 h and then treated with 100 M anisomycin for 16 h prior to harvesting.
Target plasmids. Target 1 wt minigene (p938 and p1021), under the control of the HCMV major IE promoter, includes the UL37x1 5Ј ss (nt 52271 to 52219), UL37x2 3Ј ss (nt 50989 to 50949), and immediately adjacent intronic sequences (nt 52218 to 52165 and nt 51132 to 50990) (41) . Deletion of the intronic sequences removes the UL38 ORF (nt 52123 to 51128) but retains the UL37x1 PA signal (nt Ϫ31 to Ϫ26) and PA site (nt Ϫ9) of the UL37x2 acceptor. For in vitro transcription, the Target 1 unspliced minigene and UL37x1-UL37x2 spliced cDNA (p251 [46] ) were PCR amplified and cloned into pBS II SKϩ (Stratagene) generating p939 (unspliced), 1028 (unspliced), and p917 (spliced). UL37x1 cDNA with a poly(A) tail at nt 50998 was directly generated by reverse transcription (RT)-PCR of HCMV-infected-cell RNA by using primers 176 and 234 and was cloned into pBSII SKϩ (p1009). pMC1871 DNA (Pharmacia) was used for in vitro transcription of ␤-gal sequences.
Site-specific mutagenesis. The site-specific mutants in the UL37x1 5Ј ss (p1034), 3Ј ss (p1037), or UL37x1 PA signal (p1030, p1032, p1041, and p1043) in Target 1 expression vectors are listed in Table 1 and were generated using a QuikChange site-directed mutagenesis kit (Stratagene). The UL37x1 5Ј ss (consensus donor) and UL37x2 3Ј ss (consensus acceptor) mutants are more consensus than the wt sites and were therefore predicted to increase the efficiency of UL37x1-UL37x2 splicing. Two UL37x1 PA signal knockout mutants were generated: PA signal mutant 1 (PA Mut 1) (p1030 and p1041) carries a mutation (AAGAAA) known to abolish binding of CPSF to the invariant AAUAAA (6) . PA Mut 2 (p1032 and p1043), carrying the mutant site ACUAAC, is also predicted to abolish CPSF binding as it alters the UL37x1 PA signal but, in addition, is more homologous to the consensus BP sequence (5Ј-YNYURAC-3Ј) (10) . The identity of all site-specific mutants was confirmed by DNA sequencing of the complete minigenes by using a Beckman CEQ DTCS Quick Start kit and automated PCR sequencing as previously described (23) .
RNA isolation. Total cellular RNA was isolated by guanidinium isothiocyanate extraction and pelleting through 5.7 M cesium chloride cushions (13) .
RT-PCR and quantification of alternatively processed Target 1 RNAs. Total RNA (5 and 10 ng), previously treated with DNA-free (Ambion), was reverse transcribed as described previously (41, 49) using oligo(dT) primers (Invitrogen) and SuperScript II reverse transcriptase (Invitrogen). Control reactions without reverse transcriptase were assayed in parallel. PCR fragments were not observed in the absence of reverse transcriptase addition, confirming the use of RNA as templates (Y. Su and A. M. Colberg-Poley, unpublished results). cDNAs were serially diluted in threefold steps and 1 or 2 l of each dilution was amplified by PCR using HotStar Taq DNA polymerase (Qiagen) and primers to detect unspliced and polyadenylated (primers 239-240), UL37x1-UL37x2 spliced (primers 176-179), and UL37x1 polyadenylated (primers 226-228) RNA species (Table 2) . Control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA (Applied Biosystems) or ␤-gal RNA from cotransfected control pCH110 was amplified by RT-PCR using GAPDH primers (ABI) or primers 241-243, respectively. The products were detected by ethidium bromide staining following resolution by gel electrophoresis in nondenaturing 7% polyacrylamide gels. DNA (50-and 123-bp ladder) markers (Invitrogen) served as molecular size standards. Gel photographs were digitized using ScanWizard Pro version 1.21 and importation into Adobe Photoshop 5.0 LE and Microsoft PowerPoint 2000. The levels of each spliced, polyadenylated, and unspliced Target 1 RNA are reported as the reciprocal of the highest dilution of the cDNAs in which the product was last visually detected in the gel. The percentage of each (unspliced, polyadenylated, or spliced) Target 1 RNA species was determined by dividing the level of each Target 1 species by the sum total of the levels of all Target 1 RNA species and then multiplying by 100. The levels of unspliced RNA were deduced by subtracting the level of UL37x1 polyadenylated RNA from Target 1 unspliced or UL37x1 polyadenylated RNA.
Real-time PCR. The phenotypes of PA Mut 1 and PA Mut 2 were verified using RNAs from independently transfected HFFs and real-time PCR. Standards for the detection of unspliced, spliced, and polyadenylated UL37 RNAs were generated by in vitro transcription of p939 (or 1028), p917, and p1009 cDNAs, respectively, using a MAXIscript kit (Ambion). UL37 RNAs, generated by in vitro transcription, were supplemented with 50 ng of uninfected HFF cell RNA and reverse transcribed as described above. Serially diluted UL37 cDNAs, corresponding to 166.67 to 0.025 pg of RNA standard, and transfected cell cDNA (25 to 100 ng) were analyzed in triplicate by real-time PCR using TaqMan Universal PCR Master Mix (Applied Biosystems) with final probe and primer concentrations of 250 and 900 nM, respectively. Matched PCR primers and MGB probes (Table 3) were designed to detect unspliced or polyadenylated (primers 239-240; FAM-probe I), UL37x1-UL37x2 spliced junction (primers 226-227; VIC-probe II), and polyadenylated (primers 265-228; FAM-probe VIII) UL37 RNAs by use of ABI Primer Express software. The reactions were amplified by incubation at 50°C (2 min) and 95°C (10 min) and then for 40 cycles at 95°C (15 s) and 60°C (1 min). Amplification was monitored by the ABI Prism 7700 sequence detection system (version 1.9).
Nuclear extracts. Nuclear extracts were prepared from HeLa cell pellets (2 ϫ 10 9 cells) (provided by the National Cell Culture Center) and from HFFs (total, ϳ4 ϫ 10 8 cells). Nearly confluent HFFs were infected with HCMV (strain AD169) at a multiplicity of 3 PFU/cell. The uninfected cells or infected cells at various times of infection were harvested by trypsinization, repeated washing in cold phosphate-buffered saline (PBS), and pelleting by centrifugation at 200 ϫ g. The cell pellets were quickly frozen and stored in liquid N 2 . Nuclear extracts were isolated as described previously (18) , except that the cells were homogenized for 20 strokes instead of 10. All solutions, tubes, pipettes, and equipment were prechilled. All work, except the centrifugation steps, was performed in a cold room. The nuclear extracts were aliquoted, frozen in liquid N 2 , and stored at Ϫ80°C until their use. Protein concentrations were determined by using a BCA kit (Pierce).
Western blot analysis. Briefly, polypeptides were electrotransferred to a Hybond ECL membrane (Amersham) by using a semidry apparatus in Towbin chemiluminescent detection reagents (Amersham) and exposed to film. The levels of induction were calculated using the ratios of density of scanned bands determined by the NIH Image program (version 1.62).
RESULTS
Mutation of the UL37x1 PA signal decreases UL37x1 PA and increases UL37x1-UL37x2 RNA splicing. Target 1 RNA processing in transfected HFFs recapitulates HCMV UL37x1 RNA PA at nt 50998 and UL37x1-UL37x2 RNA splicing between nt 52219 and 50989 accurately (41) . Based upon a minimal BP consensus (5Ј-YURAY-3Ј) sequence (35), Target 1 intron 1 has two potential BP sites (at nt Ϫ30 and Ϫ115) suitably spaced for UL37x1-UL37x2 splicing. However, only the proximal putative BP site (nt Ϫ30) is completely consensus FIG. 2. Mutation of the essentially invariant UL37x1 PA signal decreases UL37x1 PA and increases UL37x1-UL37x2 RNA splicing. RT-PCR was performed on serially diluted cDNAs from HFFs transfected with vectors expressing wt Target 1 (A), PA Mut 1 (AAGAAA) (B), PA Mut 2 (ACUAAC) (C), or consensus acceptor (AGGGCC) (D) and ␤-gal RNAs. Total RNAs (10 ng) were reverse transcribed using oligo(dT) primers, and the cDNAs were serially diluted in threefold steps. Target 1 unspliced or polyadenylated (Un ϩ PA) (primers 239-240), UL37x1 polyadenylated (PA) (primers 226-228), and spliced (Sp) (primers 176-179) RNAs or cotransfected ␤-gal (primers 241-243) RNA in each indicated dilution were amplified by PCR using selected primers and resolved by electrophoresis in polyacrylamide gels. The relative abundance of each unspliced, polyadenylated, or spliced Target 1 RNA species was determined by the highest dilution which produced visibly detectable PCR product. to this minimal core and predicted to be used for the UL37x2 acceptor (41) . This predicted BP site, nonetheless, is an integral residue of the UL37x1 PA signal (nt Ϫ26 to Ϫ31) used for processing of the UL37x1 and of UL38 unspliced RNA throughout HCMV infection (41, 47) . To determine whether inefficient UL37x1-UL37x2 splicing results in part from competition of cellular splicing factors with the PA machinery for these overlapping sequences, the UL37x1 PA signal was altered at nt Ϫ29 to a mutant site (AAGAAA) in Target 1 PA Mut 1 RNA (Fig. 1B) . This mutation is known to decrease CPSF-160 binding and reduce PA at downstream sites (6) . PA of wt ( Fig. 2A) and mutant ( Fig. 2B ) RNAs at the UL37x1 site (nt 50998) was monitored by RT-PCR of serially diluted cDNAs. PCR products of the predicted size were obtained (41) . To determine the efficiency of PA, the relative abundance of each alternatively processed (unspliced, spliced, and polyadenylated) Target 1 RNA was determined by amplifying the same diluted samples with primers for each species. Based upon the RT-PCR amplification of diluted cDNAs, the percentage of each Target 1 and PA Mut 1 species was then determined and compared (Table 4) . As predicted from the loss of the invariant UL37x1 PA signal and the CPSF-160 binding site, the efficiency of PA Mut 1 RNA PA at nt 50998 (1%) was decreased dramatically (10-fold) from the efficiency of the wt parent (10%) ( Table 4) . Concomitantly, the UL37x1-UL37x2 splicing of PA Mut 1 RNA (25%) increased 2.5-fold above the value obtained for wt Target 1 RNA (10%). The AAGAAA mutation is predicted to only block binding of CPSF to the AAUAAA signal and therefore block UL37x1 PA at nt 50998. As the reduction in UL37x1 PA at nt 50998 was accompanied by an increase in UL37x1-UL37x2 RNA splicing, we conclude that the cellular core PA factors and splicing factors compete for juxtaposed cis elements at the UL37x1 PA site on UL37 pre-mRNA and regulate the production of UL37x1 unspliced and UL37x1-UL37x2 spliced RNAs. Mutation of the PA signal to a consensus BP sequence decreases PA and markedly increases UL37x1-UL37x2 splicing. Although the potential UL37 BP at nt Ϫ30 is consensus for the minimal core 5Ј-YURAY-3Ј sequence (35) , this site is not optimal when considering adjacent residues for the larger BP consensus (5Ј-YNYURAC-3Ј) sequence (10) . We therefore generated a second PA mutant (Target 1 PA Mut 2) in which the consensus UL37x1 PA signal (AAUAAA3AC UAAC) and, consequently, the CPSF binding site were abolished and also simultaneously created a fully consensus BP site suitably spaced (nt Ϫ27) from the UL37x2 acceptor (10) . This mutation is therefore predicted to inhibit CPSF-160 binding and to block UL37x1 PA at site nt 50998. In addition, if the new BP is more suitable than the wt UL37 sequence, PA Mut 2 should increase the efficiency of UL37x1-UL37x2 splicing as well. PA at nt 50998 of the PA Mut 2 RNA substrate was monitored ( Fig. 2C ) and compared to that of the wt parent ( Fig. 2A) as described above for PA Mut 1 RNA, and the relative abundance of each Target 1 alternatively processed RNA was determined ( Table 4) . As expected, PA of PA Mut 2 at nt 50998 (0.6%) was severely decreased (16.7-fold) below the levels obtained with the wt parent (10%). Moreover, and consistent with the results obtained with PA Mut 1, the splicing efficiency of PA Mut 2 RNA (50%) increased dramatically (fivefold) above that of the wt parent (10%). This change in the balance of spliced and unspliced UL37 RNAs is consistent with a possible competition between PA and splicing factors for the UL37x1 PA signal and splicing signals on UL37 pre-mRNA. Moreover, as the increase in PA Mut 2 RNA splicing (fivefold) was greater than that obtained with PA Mut 1 RNA (2.5-fold), these results suggest that incorporation of the highly consensus BP site further shifted the balance from UL37x1 RNA PA towards UL37x1-UL37x2 RNA splicing.
Mutation to an UL37x2 consensus acceptor increases UL37x1-UL37x2 RNA splicing and decreases UL37x1 PA. If the cellular core PA and splicing machineries are competing for juxtaposed sites, PA may be favored because of the weak UL37x1-UL37x2 splicing signals. If this were the case, one would predict that an increase in the efficiency of UL37x1-UL37x2 splicing would result in decreased UL37x1 PA at nt 50998. The UL37x2 acceptor, just downstream of the UL37x1 PA signal and site, has two nonconsensus residues based on the consensus splice acceptor (PyPyPyPyPyPyPyPyNCAG//GU/G) (10) . To increase the efficiency of UL37x1-UL37x2 RNA splicing, a consensus acceptor (AG//UG3AG//GG) with increased conformity to consensus acceptor sequences was generated and examined (Fig. 2D ). This mutation is predicted to exclusively affect UL37x1-UL37x2 RNA splicing as it does not alter the UL37x1 PA signal, its cleavage site, or the U-rich sequence in UL37x2. Analogous to the experiments described above, serially diluted cDNAs were PCR amplified with primers to detect all alternatively processed Target 1 RNAs. Consistent with its increased conformity to consensus splice acceptors, splicing of the Target 1 consensus mutant acceptor RNA (50%) was more efficient (ϳ5-fold) than for the wt parent (10%) ( Table 4) . Conversely, PA of this mutant RNA (6%) was decreased 1.7-fold when compared to the wt parent (10%). These results demonstrate that the UL37x2 acceptor is partially responsible for inefficient UL37x1-UL37x2 RNA splicing. The shift from UL37x1 PA to UL37x1-UL37x2 RNA splicing by a mutation that is predicted to affect splicing exclusively suggests that the competition between splicing and PA factors for recognition signals occurs in UL37 pre-RNA processing. Mutation to a UL37x1 consensus donor increases UL37x1-UL37x2 RNA splicing and decreases UL37x1 PA. The UL37x1 donor, normally ϳ1.2 kb upstream of the UL37x1 PA site, has three nonconsensus residues when compared to the consensus C /A AG//GTA /G AGT donor sequence (10) . To determine whether a consensus splice donor would increase UL37x1-UL37x2 splicing efficiency and whether this increased splicing efficiency would analogously decrease UL37x1 PA, a UL37x1 consensus donor (CCA//GUAAGC3 CAG//GUAAGU) was generated and examined for UL37x1-UL37x2 splicing as well as for UL37x1 PA (Fig. 3) . The percent of UL37x1-UL37x2 spliced RNAs in UL37x1 consensus donor-transfected cells (50%) increased fivefold above that obtained with the wt parent (10%) ( Table 5 ). Conversely, PA of the Target 1 consensus donor (5.6%) decreased about 1.8-fold below the value obtained with the wt parent (10%). This result suggests that the wt UL37x1 nonconsensus donor is partially responsible for inefficient UL37x1-UL37x2 splicing. This distal upstream mutation of the UL37x1 donor is predicted to affect only UL37x1-UL37x2 RNA splicing and not any of the cis elements required for UL37x1 PA. Nonetheless, this mutation also decreased UL37x1 PA at nt 50998. These results are consistent with a model in which cellular PA and splicing factors compete for cis elements present on UL37 pre-mRNA.
Real-time PCR quantification of alternatively processed Target 1 RNAs. To accurately and specifically quantify the partially overlapping unspliced, spliced, and polyadenylated UL37 RNA species in transfected HFFs, we developed a realtime PCR. For these assays, we designed matched PCR primers and dual-labeled TaqMan probes to detect Target 1 unspliced or polyadenylated (primers 239-240; FAM-probe I), UL37x1-UL37x2 spliced junction (primers 226-227; VIC-probe II), and UL37x1 polyadenylated (primers 265-228; FAM-probe VIII) UL37 RNAs (Fig. 4A) . To determine whether the TaqMan primer-probe combinations could detect the Target 1 alternatively processed RNAs, in vitro transcription vectors containing Target 1 unspliced (Fig. 4B) , UL37x1 polyadenylated (Fig. 4C) , and UL37x1-UL37x2 spliced (Fig. 4D) cDNAs were used to generate alternatively processed RNAs and known quantities were analyzed by using the designed primerprobe combinations. The real-time PCR quantification was sensitive, detecting each UL37 cDNA to levels corresponding to 0.025 pg of RNA.
To determine whether the real-time PCR could detect the processed UL37 species in mixtures of mRNAs, known quantities of Target 1 unspliced, UL37x1 polyadenylated, and UL37x1-UL37x2 in vitro-transcribed RNAs were mixed and quantified (Table 6 ). Primers 265-228 and probe VIII, specific for UL37 RNA polyadenylated at nt 50998, accurately quantified 0.06 to 42.36 pg. In addition, primers 226-227 and probe II, specific for the detection of UL37x1-UL37x2 RNA, accurately quantified 44.75 to 0.09 pg of spliced RNA within the mixture. These results show the accuracy and exquisite sensitivity of real-time PCR detection of the processed UL37 spliced and polyadenylated RNAs. In spite of these properties of TaqMan analysis, quantification of the phenotypes of the   FIG. 3 . Mutation of the wt UL37 5Ј ss to a consensus donor increases UL37x1-UL37x2 RNA splicing and decreases UL37x1 RNA PA at nt 50998. Transfected HFFs expressing wt Target 1 (A) or consensus donor (AGGUAAGU) (B) RNAs were assayed by RT-PCR. Total RNAs (5 ng) were reverse transcribed using oligo(dT), serially diluted, and analyzed for the presence of unspliced or polyadenylated RNA, UL37x1 polyadenylated, and UL37x1-UL37x2 spliced RNA as described in the legend to Fig. 2 , except that GAPDH was used as a control. The relative abundance of each unspliced, polyadenylated, or spliced Target 1 RNA species was determined by the highest dilution which produced visibly detectable PCR product. Target 1 consensus donor and consensus acceptor by using real-time PCR was not possible. These assays require probe II specific for the UL37x1-UL37x2 spliced junction, and the engineered 5Ј and 3Ј ss mutations span the probe II binding site, precluding detection of their UL37x1-UL37x2 spliced products by real-time PCR. Real-time PCR quantification of Target 1 alternatively processed RNAs. Because the PA mutations in PA Mut 1 and PA Mut 2 are not contained in any of the UL37 primer-probe sequences, real-time PCR could be used to verify the semiquantitative RT-PCR results. The abundances of alternatively processed UL37 RNAs in HFFs transfected with independently derived wt (p1021) and mutant (p1041 and p1043) clones were determined using real-time PCR (Fig. 5) . Consistent with the results obtained with semiquantitative RT-PCR, PA of PA Mut 1 RNA at nt 50998 was decreased compared with that for the wt parent (0.2 pg; 0.14%) ( Table 7 ). The abundance of PA Mut 1 RNA polyadenylated at nt 50998 was below the detection level of this real-time PCR assay. Conservatively, we estimated this detection value at the lowest control PA RNA detected in parallel (Ͻ0.08 pg; Ͻ0.04%). This represents a Ͼ3.5-fold reduction in PA at the UL37x1 site. As previously found by RT-PCR, the abundance of the UL37x1-UL37x2 spliced RNA, determined by real-time PCR, was increased 2.2-fold in PA Mut 1-transfected HFFs (51.2%) compared with the wt (22.9%). a Standards were generated by in vitro transcription of cloned UL37 unspliced (Un), UL37x1 PA (PA), and UL37x1-UL37x2 cDNAs. Known amounts of the RNAs were reverse transcribed, and the corresponding cDNAs were serially diluted and added to standard reactions.
b Amount detected by real-time PCR analysis using the corresponding primerprobe combinations as shown in Fig. 4 .
c PA, Target 1 polyadenylated at nt 50998. d Sp, spliced Target 1 (UL37x1-UL37x2).
Analogously, the abundance of the PA Mut 2 polyadenylated at nt 50998 was also undetectable (Ͻ0.08 pg; Ͻ0.01%) in transfected HFFs. This reduction from the wt parent (1.6 pg; 0.2%) represents a Ͼ20-fold reduction in PA at the UL37x1 PA site. Consistent with the RT-PCR assay of PA Mut 2, there was a concomitant increase of 1.5-fold in UL37x1-UL37x2 splicing in PA Mut 2-transfected HFFs (85.8%) above that observed in wt-transfected cells (55.5%). The reproducibility of mutant phenotypes has been verified by repeatedly measuring, using real-time PCR, the efficiency of splicing and PA of the PA mutant RNA substrates. The decreased efficiency of PA Mut 1 and PA Mut 2 RNA processing at the UL37x1 PA site is reproducibly accompanied by increased UL37x1-UL37x2 RNA splicing (2.2-to 2.6-fold and 1.5-to 7.8-fold, respectively). Taken together, these results suggest that binding of the PA machinery at the UL37x1 PA site sterically hinders binding of the splicing machinery required for UL37x1-UL37x2 RNA splicing.
Induction of PA factors in HCMV-infected cells. The abundance of UL37x1 unspliced RNA in HCMV-infected HFFs is far greater than that of UL37 spliced RNAs (28, 47, 48; C. N. Davis and A. M. Colberg-Poley, unpublished results). As the abundance of Target 1 spliced (UL37x1-UL37x2) RNA was equivalent to or greater than that of Target 1 RNA polyadenylated at the UL37x1 site in transfected HFFs treated with anisomycin, we tested whether the processing of UL37 premRNA is also regulated during HCMV infection by the abundance of cellular proteins that regulate PA site usage (CstF-64), suppress splicing (PTB), or regulate splicing (SF2). For these analyses, we relied on several observations from the literature and from our laboratory. First, altered CstF-64 levels regulate PA site usage in the immunoglobulin M (IgM) heavy gene in differentiating B lymphocytes (42, 45) . Second, we identified a potential PTB core-binding site just upstream of the UL37x2 acceptor, and PTB is a potent suppressor of splicing (30, 37) . Finally, adenovirus infection and vaccinia virus infection increase the levels of hypophosphorylated SF2, thereby reducing the splicing of cellular pre-mRNAs and favoring virus gene expression over that of the cell (25) (26) (27) 54) . Regulation of RNA splicing by SF2 is dependent on the expression level of SF2 and its phosphorylation status as the splicing activity of hypophosphorylated SF2 is greatly reduced (27, 54) .
We therefore examined whether HCMV infection altered the balance between cellular PA and splicing machineries, which, in turn, might affect the production of UL37 unspliced and spliced RNAs. The abundance of key PA factors (CstF-64 and CPSF), PTB, and SF2 in nuclear extracts from HCMVinfected HFFs was examined (Fig. 6) . HCMV infection initially decreased the abundance of the essential PA factor, CstF-64, at 2 h postinfection (ϳ35.7-fold) and then increased its levels ϳ6.6-fold above uninfected HFF levels at 4 h postinfection (Fig. 6A) . Analogously but less dramatically, the levels of CPSF-73 and CPSF-30 factors decreased at 2 h postinfection and increased very slightly at 4 and 6 h postinfection but not to levels of uninfected HFFs. PTB abundance increased at 4 h (3.7-fold) and 6 h (1.9-fold) after HCMV infection, similar to the results obtained with CstF-64 and CPSF. In contrast, the abundance of actin was slightly decreased at 2 h (1.8-fold), 4 h (1.6-fold), 6 h (1.7-fold), and 8 h (4.5-fold) of HCMV infection.
The pattern of induction of the essential splicing SR protein, SF2, following HCMV infection (Fig. 6B) closely paralleled the pattern observed for CstF-64 and PTB (Fig. 6A) . The levels of hypophosphorylated SF2 increased dramatically at 4 h (ϳ6.7-fold) after HCMV infection. The levels of hypophosphorylated SF2 in control HeLa nuclear extracts, which are active in splicing, were low. Conversely, control histone levels were comparable at 4 h (1.2-fold increase) and slightly increased at 8 h (2.9-fold) after HCMV infection. Taken together, these results suggest that at IE times of infection, there is a shift in the balance of PA and splicing factors which favors production of unspliced UL37x1 IE RNA and not splicing of the UL37 pre-mRNA.
DISCUSSION
Alternative processing of UL37 RNAs results in unspliced and differentially spliced RNAs, which encode multiple protein isoforms with predictably distinct functions. Although UL37 transcripts are 5Ј coterminal, production of UL37x1 unspliced RNA is greatly favored during all temporal phases of HCMV FIG. 6 . (A) Induction of the essential PA factor, CstF-64, at IE times of HCMV infection. HFFs were infected with HCMV (3 PFU/cell), and nuclear extracts were prepared at 2, 4, 6, and 8 h postinfection. Nuclear extracts were also prepared from uninfected (un) HFFs. Ten micrograms of nuclear proteins was resolved by electrophoresis in sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, transferred to membranes, and reacted with antibodies against CstF-64 (1:50), CPSF (1:100), PTB (1:250), or actin (1:250). (B) Increased abundance of hypophosphorylated SF2 at IE times of HCMV infection. Western blots of nuclear proteins (10 g/lane) from HCMV-infected and uninfected controls were prepared and resolved as described for panel A and reacted with anti-SF2 (1:500) and anti-histone (1:500) antibodies. (55) . The RNA cis elements that direct accurate UL37x1-UL37x2 splicing and UL37x1 PA are included in Target 1. Nonetheless, the dramatic preponderance of the UL37x1 unspliced RNA is not reproduced in Target 1-transfected HFFs, indicating that, in addition to the UL37 pre-mRNA cis elements regulating its processing, additional factors present during HCMV infection affect the balance between PA and splicing of the UL37 pre-mRNA. In this study, we examined two posttranscriptional mechanisms potentially underlying the favored production of UL37x1 unspliced over UL37 spliced RNAs during HCMV infection. We used the Target 1 minigene to examine regulation by competition for cis elements, which determine the production of either UL37x1 unspliced RNA or UL37x1-UL37x2 spliced RNA. We also examined the abundance of key PA factors and factors which might negatively regulate splicing in HCMVinfected HFFs.
The 3Ј-end processing of the UL37x1 RNA requires initial recognition of the AAUAAA element (at nt 51015 to 51020) by CPSF-160 (41) . The CPSF complex is stabilized by interactions with CstF and CFI (31, 34, 43) and with the phosphorylated serines of the C-terminal heptad repeat domain of RNA polymerase II (32) . The stability of this commitment complex correlates with the efficiency of poly(A) site usage (5, 51) . CstF binds at variable G/U or U-rich sequences downstream of CPSF. A U-rich element, sufficient to direct specific binding of CstF-64 (31) and downstream of the UL37x1 PA signal, 17 to 25 nt downstream of the cleavage site, lies within UL37x2 (11, 28) . Because of its sequence and position, we predict that this U-rich element in UL37x2 binds CstF-64, facilitating UL37x1 and UL38 RNA PA at nt 50998. We also note that the abundance of CstF-64 increases markedly at 4 h postinfection with HCMV, consistent with the high production of UL37x1 unspliced RNA at IE times of infection (28, 47, 48) . Cst-F64 levels have been implicated in the switch from membranebound to secreted IgM heavy chain that occurs during B-cell differentiation (45) . Exon size also affects competition between splicing and PA factors in Ig selection (36) . CFII and PAP then join the PA complex to form an active 3Ј-end processing complex (5).
UL37x1-UL37x2 RNA splicing joins nt 52219 to nt 50989 and has been accurately recapitulated using Target 1 minigene RNA in transfected cells (41) . RNA splicing requires the recognition of the 5Ј ss, BP, and 3Ј ss. The 5Ј ss, defined by the consensus sequence 5Ј-AGGURAGU-3Ј, is recognized by U1 snRNP (10) . UL37x1 5Ј ss is weak because it has three nonconsensus residues. The second element, the BP site (YURAY), is recognized by U2 snRNP (4, 10, 35) . Based on this minimal core BP sequence, there are two possible BP sequences (nt Ϫ30 and nt Ϫ115) in Target 1 (41) . However, the proximal site is favored because it is consensus and located immediately upstream of the authentic UL37x2 AG cleavage site. Conversely, the nt Ϫ115 BP site conforms less well to the consensus and is located upstream of four additional AG/PPT sites, which are not the authentic UL37x2 cleavage site. Cleavage of the downstream AG dinucleotide, essential for splicing, generally occurs at the first AG downstream of the BP (39, 57) . We therefore predict that the BP site at nt Ϫ30 is used for Target 1 UL37x1-UL37x2 splicing. U2 snRNP entry into the intronic BP site is facilitated by recognition of the PPT by U2AF 65 . The PPT is closely spaced (usually nt Ϫ5 to Ϫ15) to the 3Ј ss by U2AF 65 (52, 53) . Native U2AF is a heterodimer of U2AF 65 and U2AF 35 , which recognizes the 3Ј ss consensus (YAG/GU) (52, 53) .
Competition for UL37 pre-mRNA cis elements. Competition between splicing and PA factors has been documented previously in cellular and viral systems (3, 20, 22) . However, splicing factors most often inhibit PA site utilization. In one exception, the adenovirus E3 transcription unit has closely spaced PA and splicing elements, which favor PA downstream of the 3Ј ss (8) . The distinct organization of the cis elements in UL37 premRNA and the phenotypes of the Target 1 mutants suggest that competition of PA and splicing factors occurs at the site of unspliced UL37x1 RNA PA within intron 1. Because of the physical proximity of cis elements, it is unlikely that the PA and splicing machineries can simultaneously bind the UL37 premRNA. Therefore, we propose a model of posttranscriptional processing in which PA and splicing complexes compete for their respective cis elements on UL37 pre-mRNA and favor the production of UL37x1 unspliced RNA (Fig. 7 ). In this model and consistent with the known sequence of events (31), CPSF-160 initially binds to the invariant AAUAAA motif and the complex is stabilized by interactions with the CstF complex formed on the downstream U-rich element in UL37x2. Furthermore, CFI binds at its cleavage site between the two PA complexes. Binding of the large CPSF complex to the PA signal (at nt Ϫ26 to Ϫ31) is predicted to block entry of U2 snRNP into the consensus BP site at nt Ϫ30. Moreover, binding of CFI to the cleavage site (nt Ϫ9) is predicted to block U2AF 65 recognition of the PPT and, consequently, the recruitment of U2 snRNP to the BP as well as U2AF 35 binding at the 3Ј ss.
In the second part of the model, shown in Fig. 7B , the shift favoring splicing following the mutation of the 5Ј ss, PA signal, and 3Ј ss is represented. To determine whether the PA signal blocks U2 snRNP entry into the BP, we generated PA mutants and assayed the efficiency of the splicing and PA of the mutant substrate. The first mutant (PA Mut 1) contains a PA mutant signal (AAGAAA) known to block binding of the CPSF-160 factor (6) . This PA mutant is known not to alter the UL37x1-UL37x2 splice site (41) . As expected from its sequence, PA of the Target 1 PA Mut 1 RNA at nt 50998 is severely reduced. In addition, UL37x1-UL37x2 splicing of the mutant substrate is increased. The increase in splicing efficiency can be accounted for if the UL37 BP overlaps with the UL37x1 PA signal. As the CPSF complex cannot load efficiently on the site, it no longer blocks U2 snRNP entry into the consensus BP site at nt Ϫ30. We note that the increase of the PA Mut 1 substrate is observed in spite of the fact that the AAGAAA mutation makes the potential BP at nt Ϫ30 less consensus than the wt UL37 sequence.
We therefore generated a second PA mutant (PA Mut 2), which is predicted to abolish CPSF binding at the UL37x1 PA site and increase the conformity to consensus BP in its place. This mutation was used to also test the suitability of the BP spacing at nt Ϫ30 for UL37x1-UL37x2 splicing. As the BP sequence in PA Mut 2 is more consensus than those of the wt and PA Mut 1, PA Mut 2 is predicted to increase the affinity of U2 snRNP for the new BP if the spacing is correct. Indeed, we observed that UL37x1-UL37x2 RNA splicing of PA Mut 2 was increased about twofold above that of PA Mut 1 and fivefold above that of the wt parent. The results with Target 1 PA Mut 2 indicate that the key splicing cis elements, predictably its BP, in Target 1 are juxtaposed with the UL37x1 PA signal and site.
To determine whether low conformity of the UL37x1 5Ј ss to the consensus sequence results in weak recognition by U1 snRNP and permits UL37x1 PA at nt 50998, we generated a UL37x1 consensus donor. By virtue of its highly consensus sequence, this mutant should be more effective at recruiting U1 snRNP to the 5Ј ss and thereby increase the efficiency of UL37x1-UL37x2 RNA splicing. Indeed, the consensus donor increased UL37x1-UL37x2 splicing even though the strong UL37x1 PA signal was intact. Moreover, this mutation might have a secondary effect, as a strong U1 snRNP interaction upstream of a poly(A) site can inhibit PA at that site (1). Splicing factor U1 70K, a component of U1 snRNP, when bound adjacent to and upstream of a poly(A) signal, is able to inhibit pre-mRNA 3Ј-end formation in the bovine papilloma late gene (20, 22) . Binding of a U1 snRNP-5Ј ss complex blocks PA at the site of 3Ј-end formation by binding to and inhibiting the activity of PAP (22) . Therefore, the improved recruitment of U1 snRNP to the UL37x1 consensus donor may decrease PAP activity at the downstream UL37x1 PA site. The invariance of the wt UL37x1 donor in multiple HCMV primary strains suggests that a weak U1 snRNP binding site plays an important role in regulating the balance of UL37x1 unspliced and UL37 spliced RNAs for HCMV growth in vivo (W. A. Hayajneh and A. M. Colberg-Poley, unpublished data).
The 3Ј ss contains two elements: the PPT and the 5Ј-YAG GU-3Ј sequence. Recognition of the consensus 5Ј-YAGGU-3Ј sequence, which contains the acceptor site, requires native U2AF, a heterodimer of U2AF 65 and U2AF 35 (52, 53) . The PPT tract located with the proper spacing to the UL37x2 acceptor contains the site of UL37x1 RNA cleavage, the site predicted to bind CFI and CFII (34) . Thus, the UL37 intron 1 PPT required for U2AF 65 binding and UL37x1-UL37x2 splicing may be blocked by the cleavage complex required for the production of UL37x1 unspliced RNA and UL38 early RNA. As the intron 1 PPT is also required for efficient UL37x1-UL37x2 splicing, we instead generated a consensus acceptor which is predicted to increase affinity of the native U2AF heterodimer for the site. The increased splicing of the Target 1 consensus acceptor is consistent with improved recognition of the UL37x2 acceptor by native U2AF. Decreased PA at the UL37x1 PA site suggests that the enhanced binding of U2AF at the PPT/3Ј ss was able to functionally displace the CFI-CFII complex from the UL37x1 cleavage site.
Interestingly, there is a documented case in which binding of cellular proteins to PPT upstream of a splice acceptor can inhibit splicing (33) . The Drosophila melanogaster sex-lethal (SXL) protein, present in female embryos, binds to PPT but lacks the RS domain in U2AF 65 required to recruit U2 snRNP to the branch site. Thus, SXL can block splicing of an intron simply by occupying the PPT and preventing binding of U2AF 65 . In addition, SR proteins regulate adenovirus premRNA splicing by binding to an intronic suppressor close to its BP and blocking entry of U2 snRNP into the BP and spliceosome (26) . In the model, we propose a similar mechanism, however, involving steric hindrance by binding of CPSF and CFI-CFII complexes that blocks the binding of U2AF 65 to the 65 into the PPT upstream of UL37x2 is blocked by loading of the CFI-CFII complex, as is entry of U2 snRNP into the potential BP (nt Ϫ30) by CPSF binding to the UL37x1 PA signal. (B) Favoring of UL37x1-UL37x2 splicing over UL37x1 PA. The shift in balance observed with mutants in the consensus donor, PA mutants, and consensus acceptor is represented. In this model, the consensus donor binds U1 snRNP more efficiently than does the wt UL37x1 donor and inhibits PAP at the downstream UL37x1 PA site. The UL37x1 PA signal mutants block binding of the CPSF complex and thereby permit entry of U2 snRNP to the new consensus BP (at nt Ϫ27). Finally, the consensus acceptor is efficiently recognized by the native U2AF complex, permitting functional displacement of CFI-CFII and the CstF complex by splicing factors. Alteration of the balance between cellular PA and splicing factors by HCMV infection. Expression of IgM heavy chain is regulated during B-cell differentiation by use of two alternative PA sites (42, 45) . mRNA coding for membrane-bound IgM is produced early by processing at a downstream site. The upstream PA site is located within an intron and is removed by splicing. When differentiation occurs, mRNA for the secretory IgM is produced by use of the upstream PA site. It has been proposed that increased use of the secretory PA site correlates with the levels of CstF-64 (42, 45) . In addition, splicing is regulated by SR proteins such as SF2 whose level and phosphorylation state alter its activity (27, 54) . Moreover, splicing suppressors such as PTB can regulate splicing (30, 37) .
As the ratio of UL37x1-UL37x2 to UL37x1 unspliced RNA is higher in transfected cells than in HCMV-infected cells (C. N. Davis and A. M. Colberg-Poley, unpublished data), the regulation of UL37 pre-mRNA processing by juxtaposition of its cis elements appears to be only partially responsible for the favoring of UL37x1 unspliced RNA. The use of the minigenes enabled us to dissect the effects of the juxtaposed cis elements on UL37 pre-mRNA processing by cellular machineries in uninfected cells. With the information gleaned from these experiments, we can now investigate the effects of HCMV infection at different times on the alternative processing of the juxtaposed UL37 cis elements.
The abundance, phosphorylation, and nuclear localization of splicing factors and PA factors are known to regulate alternative RNA processing. We therefore examined the abundance of key PA and splicing factors in HCMV-infected cells and tested whether UL37x1 RNA PA at nt 50998 was favored by induction of PA factors. The induction of CstF-64, PTB, and hypophosphorylated SF2 occurred at IE times (4 h postinfection) of HCMV infection and lasted briefly. UL37x1 unspliced RNA is first detected at 4 h postinfection (47, 48) , consistent with the observed induction of these factors favoring UL37x1 PA. This finding is analogous to the functional inactivation of SF2 by adenovirus and by vaccinia virus at late times of infection (25) (26) (27) . Cytoplasmic expression of vaccinia genes, which lack introns, is favored over cellular gene expression by this shutoff of host cell RNA splicing. Analogously, inactivation of SF2 by hypophosphorylation in adenovirus-infected cells results in favored splicing of adenovirus IIIa pre-mRNA (27) . However, in contrast to adenovirus-and vaccinia virus-infected cells (25) , both hyperphosphorylated and hypophosphorylated SF2 are induced at IE times of infection in HCMV-infected cells. This finding may result from a continued requirement for functional splicing machinery until late times of HCMV infection. To determine whether induction of PA factors occurs at other times of HCMV infection, we are presently examining the abundances of CstF-64, SF2, and PTB in nuclear extracts from HCMV-infected cells at early and late times of infection. Moreover, we found that PTB, an inhibitor of RNA splicing (30, 37) , was induced with similar kinetics to that observed for CstF-64 and hypophosphorylated SF2. The UL37 intron 1 PPT has a potential PTB core-binding site overlapping with the site required for U2AF 65 binding. Our results are consistent with those of a microarray analysis of HCMV-infected cell mRNA during a 48-h time course (9) . Interestingly, there were increases in the abundances of Cst-F-64 (2.5-fold) and PTB (1.9-fold) mRNAs at 4 h after HCMV infection of HFFs. Thus, in addition to the spacing of cis elements that regulate UL37 pre-mRNA processing at IE times of infection, HCMV infection induces a second mechanism at the level of PA and splicing factors which further favors the production of the UL37x1 unspliced RNA. Because the induction of CstF-64 (2.5-fold) and the induction of PTB (1.9-fold) RNA abundances previously detected by microarray assays (9) are considerably lower than the observed induction of the encoded proteins, we speculate that the induction of Cst-F-64 and PTB proteins occurs in part at the posttranslational level.
Taken together, these results suggest that the production of UL37x1 unspliced RNA results from a combination of competition by splicing and PA factors for UL37 pre-mRNA cis elements and the induction of factors favoring PA and inhibiting splicing. The balance between UL37x1-UL37x2 splicing and PA determines the mode of RNA processing and ultimately determines the UL37 proteins which are produced in the HCMV-infected cell. Thus, these results indicate that there is a convergence of cis elements and cellular PA and splicing factors to regulate production of UL37x1 unspliced RNA during HCMV infection.
